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The effectiveness of ballistic particle delivery to the skin is often dependent upon breaching the stratum corneum
(SC) and targeting cells within deﬁned layers of the viable epidermis. This paper experimentally determines the
inﬂuence of relative humidity (RH) and temperature on the ballistic delivery of particles to the skin. Gold particles of
radius 0.9  0.6 lm were accelerated by a hand-held supersonic device to impact freshly excised porcine skin at
410–665 m per s. Increasing the RH from 15% to 95% (temperature at 251C) led to a particle penetration increase by a
factor of 1.8. Temperature increases from 201C to 401C (RH at 15%) enhanced particle penetration 2-fold. In both
cases, these increases were sufﬁcient to move the target layer from the SC to the viable epidermis. Relative trends
in particle penetration compared well with predictions from a theoretical model well. Calculated absolute
penetration depths are 6-fold greater than the measurements. The inversely calculated dynamic yield stress of the
SC is up to a factor of 10 higher than reported quasi-static measurements, due to changes in tissue failure modes
over a strain-rate range spanning 10 orders of magnitude. If targeted particle delivery is required, it is
recommended that the environmental RH and temperature be monitored.
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Epidermal powder injection (EPI) is a needle-free technique
in which pharmaceutical agents, formulated as particles, are
accelerated to sufficient momentum to penetrate the outer
layer of the skin and achieve a pharmacological effect.
Sanford et al (1987) initially pioneered this method with
systems designed to deliver DNA-coated metal particles
(radii  1 mm) with adapted guns into plant cells for genetic
modification. The concept of the ballistic delivery of particles
to tissue, known as biolistics, has been more recently
extended to a range of research areas in plants, animal
species (Loehr et al, 2000; Sudha et al, 2001; Yoshida et al,
2001), and in vitro test models (Smith et al, 2001).
In addition to conventional protein-based vaccines (Chen
et al, 2000) and drugs (Burkoth et al, 1999), a key area of EPI
is in DNA vaccination. In this application, gold particles
(typically of 0.3–3 mm radius), coated with plasmid DNA
coding for specific antigens, are delivered into the epider-
mis (Roy et al, 2000). Biolistic DNA vaccination allows the
direct transfection of Langerhans cells as well as keratino-
cytes within the viable epidermis, hence allowing the
antigen to be processed via the exogenous pathways and
thereby generating a balanced immune response (Porgador
et al, 1998; Lesinski et al, 2001). The location of Langerhans
cells as a biolistic target is tightly defined, with:
 a vertical position at a consistent suprabasal location
(Hoath and Leahy, 2002);
 a spatial distribution in the horizontal plane evenly
distributed throughout the skin (Numahara et al, 2001); and
 a constitution of 2% of the total epidermal cell
population (Bauer et al, 2001).
In order to target cells at such tightly defined locations, an
understanding of the mechanisms of epidermal ballistic
particle delivery is required.
To meet this goal, the velocity distribution of particles
generated by early EPI systems was determined (Bellhouse
et al, 1997; Quinlan et al, 2001; Kendall et al1), leading to
improved EPI systems delivering particles to skin targets
with uniform velocities over a range of discrete conditions
(Kendall et al, 2003b; Kendall, 2002). These devices have
been employed in excised human skin studies (Wrighton-
Smith, 2001; Kendall et al1), and porcine and canine buccal
mucosa, ex vivo and in vivo biolistics experiments (Mitchell,
2003). In these particle impact studies, the mechanisms of
particle impact were explored with a theoretical model,2
which attributes the particle resistive force (D) to plastic
deformation and target inertia
D ¼ 12rtAv2 þ 3Asy ð1Þ
where rt and sy are the density and yield stress of the
target, A is the particle cross-sectional area, and v is
the particle velocity. The yield stress (sometimes known as
the breaking stress) is the stress at which the tissue begins
to exhibit plastic behavior. Using the assumptions of
Mitchell et al (2003), (1) may be integrated to obtain the
Abbreviations: RH, relative humidity; SC, stratum corneum
1Kendall MAF, Quinlan NJ, Thorpe SJ, Ainsworth RW, Bellhouse
BJ: Measurements of the gas and particle flow within a conver-
ging–diverging nozzle for high speed powdered vaccine and drug
delivery. Exp Fluids J accepted Dec 15, 2003
2Based on a representation first proposed by Dehn (1987).
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penetration depth as a function of particle impact and target
parameters. Expression (1) shows that the yield stress and
density of the stratum corneum (SC) and viable epidermis
are important in the ballistic delivery of particles to the
epidermis.
The mechanical properties of the SC are strongly
influenced by the water content of the tissue and hence
the ambient humidity (Wildnauer et al, 1971; Christensen
et al, 1977; Rawlings et al, 1995; Dobrev, 1996; Nicolopou-
los et al, 1998). In tensile tests, Wildnauer et al (1971)
determined the ultimate breaking strength of the excised
human SC, conditioned by the variation in ambient relative
humidity (RH). By applying the SC thickness versus RH
measurements of Blank et al (1984), the breaking strengths
are converted into yield stresses: 22.5–3.2 MPa with
increasing RH from 0% to 100%. The effect of ambient
temperature on the properties of the SC has also been
investigated (Papir et al, 1975; Alonso et al, 1995).
Increasing the SC temperature from 251C to 601C corre-
spondingly decreased the breaking stress from 17 to 1.9
MPa (Papir et al, 1975). We have not found published
measurements of the viable epidermis yield stress as a
function of either RH or temperature.
Considering the SC work of Wildnauer et al (1971) and
Papir et al (1975) in the context of (1), there is a theoretical
basis for a dependency of the deceleration force on an
impacting particle on the ambient temperature and RH. In
theory, this would lead to variations in the particle
penetration depth, influencing the targeted particle delivery.
The aim of this study is to determine experimentally the
effect of temperature and humidity on the ballistic penetra-
tion of particles into the skin. This aim was met by
experiments in which gold particles were fired into freshly
excised porcine skin, maintained at environmental condi-
tions over a range of temperature and humidity. The gold
particles were delivered to the tissue by a hand-held, helium
gas-powered biolistic delivery device. After injection into
the skin, measurements of the final particle position were
obtained from histological sections. The results were
compared with calculations from the theoretical penetration
model. The applicability of the SC material properties
obtained from quasi-static measurements to the high-
strain-rate ballistic particle injection was also investigated
by comparisons with the experimental data and calculations
with the unified penetration model.
Results
RH and ballistic particle penetration The collated pene-
tration data from histology slides are plotted as a function of
the RH in Fig 1a. Particle injection in an environment at 15%
RH resulted in a penetration depth of 7.9  2.5 mm (mean
 standard deviation) from a sample of 401 particles
(n¼ 401). Increases in RH led to deeper ballistic particle
penetration. For example, the upper limit in RH of 95%
resulted in a penetration depth of 22  8.9 mm from particle
injection at 95% RH. This range in RH results in an increase
in particle penetration depth by a factor of 1.8 (po0.0005,
Student’s two-sided t test for two independent means with
a 5% significance level).
Also plotted in Fig 1a are the corresponding theoretical
particle penetrations with RH using the unified penetration
model and the bilayer approximation for the epidermis. The
numerical values assigned to the calculated target param-
eters are listed in Table I.
The assumptions for the numerical parameters listed in
Table I are:
(1) In the absence of published porcine data, the porcine
SC yield stresses (ssc) are equivalent to breaking
strength measurements on excised samples of SC from
humans (Wildnauer et al, 1971). Porcine and human ssc
values were assumed to be comparable because of
similarities in morphology and functional characteristics
between the species (Meyer et al, 1978; Monteiro-
Riviere 1986; Adrega et al, 2001).
Figure1
(a) Experimental and modelled particle penetration depths as a
function of RH. Temperature was held constant at 251C. (b) SC yield
stresses obtained from quasi-static tensile tests by Wildnauer et al
(1971), and the calculated SC yield stresses required in the unified
penetration model to obtain the ballistic penetration depths.
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(2) Breaking strength is converted into yield stress using the
SC thickness (tsc) measurements. The SC thickness is
dependent upon the RH. SC thicknesses are obtained
by linear interpolation of the data reported by Blank et al
(1984), which increase from 10 to 15.6 mm as RH ranged
from 0% to 93% (shown in Fig 1a). This thickness range
agrees with the values measured from histology slides in
our study, such as in Fig 4.
(3) The density of the SC (rsc) and viable epidermis (rve) are
1500 and 1150 kg per m3, respectively (Duck, 1990).
(4) No published data on the viable epidermis yield stress
(sve) are directly applicable to the bilayer model. As an
alternative, sve is estimated from the material properties
of cells in the viable epidermis. Keratinocytes form the
majority of viable epidermal cells. Within these cells, the
cytoskeleton is important for structural integrity (Alberts
et al, 2002). Furthermore, actin fibers are present in the
cytoskeleton at a high concentration. The yield stress of
a single actin filament in quasi-static tension tests is 2.2
MPa (Kishino and Yanagida, 1988). In torsion, however,
yield stresses of actin approach 7 MPa (Tsuda et al,
1996). Moreover, Janmey (1991) reports that different
instruments in the measurement of F-actin rheology can
result in differences in the viscoelastic properties of two
orders of magnitude. Also, as shown in Fig 5a, the
structure of viable epidermal cells varies considerably
from the basal layer to the granular layer (Fuchs and
Raghavan, 2002). This incomplete and variable descrip-
tion of the mechanical properties makes it difficult to
construct and accurate representation of sve throughout
the viable epidermis. For simplicity, we assume sve is a
constant, using a lower and upper value in the
calculations. As a lower bound, calculations are per-
formed with sve set to 2.2 MPa, matching the tension
yield stress of an actin fiber. As an upper bound, sve is
10 MPa, which is greater than the torsion yield of actin
and is within the range of quasi-static SC yield stresses.
(5) The unified penetration model is applicable to the
ballistic delivery of particles to the epidermis. This
assumption is supported by earlier work, in which
calculations with the unified penetration model match
particle penetration measurements with very good
agreement (Kendall et al, 2003b; Mitchell, 2003; Mitchell
et al, 2003). The epidermal yield stress in this earlier
work, however, was determined semi-empirically to fit
the measurements. These yield stress values were
significantly higher than the reported quasi-static SC
yield stresses.
Calculations using these assumptions in Fig 1a show an
increase in particle penetration with increasing RH; however,
the theoretical and experimental depths are considerably
different. For example, the calculated penetration depths are
up to a factor of 3 or 6 greater (with assumptions of sve of 10
and 2.2 MPa, respectively) than the measured values at the
corresponding RH. As expected, the calculated penetration
depths are sensitive to our sve assumptions.
RH and the effect of ballistic particle penetration on the
SC yield stress In Fig 1b, the differences between the
measured and theoretical particle penetration are explored
by directly examining ssc. The measured quasi-static SC
yield stresses used in the calculations (from Wildnauer et al,
1971) are plotted. Also shown in Fig 1b are the quasi-static
ssc values required for the calculated ballistic penetration
depths to match the measurements. There is a large
difference between the quasi-static ssc and inversely
calculated ballistic stresses which peak at 170 MPa. At a
low RH, the ballistic-to-static difference in ssc is a factor of
7.5, decreasing to a factor of 3.5 at a higher RH.
Furthermore, as the RH is increased, the calculated SC
yield stress (ssc) becomes more sensitive to the viable
epidermis (sve) approximations. This is expected, as the SC
is not breached at the lower RH values.
Ambient temperature and ballistic particle penetration
Figure 2a shows the particle penetration data from the
ambient temperature experiments. The data were pro-
cessed in the same way as the RH experiments. There
is a significant increase in particle penetration (po0.0005,
Student’s two-sided t test for two independent means
with a 5% significance level) with an increase in the
ambient temperature. For example, particle administration
at a temperature of 201C gave a penetration depth of
6.0  3.1 mm. Experiments at 401C, however, produced a
penetration depth of 18.2  8.0 mm (i.e., a factor of 2
increase).
Also in Fig 2a are theoretical penetration depths from the
unified penetration model using the following assumptions.
Published porcine ssc values as a function of temperature
were not found. Instead, the existing ssc values for neonatal
Table I. Parameters and assigned values used in the theoretical calculations of the particle penetration depth as a function of RH
Skin region Parameter Value Source
Stratum corneum ssc (MPa) 22.5–3.2 Wildnauer et al (1971)
(0%–100% RH)
rsc (kg per m
3) 1500 Duck (1990)
tsc (mm) 10–15.6 Blank et al (1984) and measurement
(0%–93% RH)
Viable epidermis sve (MPa) 2.2 Actin tensile, Kishino and Yanagida (1988)
10 Epithelium, Mitchell et al (2003)
rve (kg per m
3) 1150 Duck (1990)
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rats (Papir et al, 1975) were used, with the assumption of
similarity with porcine properties. This assumption is in part
supported by ‘‘excellent agreement’’ (Papir et al, 1975)
between neonatal rat and human SC material properties. In
turn, it has been stated that the morphologies of the human
and porcine SC are similar. The SC thickness (tsc) was set at
10.9 mm using the results from Blank et al (1984) at RH 15%.
This agrees with our measurements of 10.6  1.3 mm
(n¼ 30). The other parameters in the calculations were
assigned the values listed in Table I. With these assump-
tions, the calculated particle penetration depths are con-
siderably greater than the measurements. This discrepancy
is consistent with the RH results (Fig 1a). In this case,
however, the ambient temperature was varied.
Ambient temperature and the effect of ballistic particle
penetration on the SC yield stress In Fig 2b, the
differences between quasi-static (from Papir et al, 1975)
and ballistic yield stresses (calculated by the described
method) are plotted as a function of the environmental
temperature of the skin. Again, the relative effects of the RH
results (Fig 1b) are also found here. The calculated ballistic
ssc peaks at 236 MPa (201C), decreasing to 54–76 MPa as
temperature is increased to 401C. In comparison, the
quasi-static ssc values are typically an order of magnitude
lower.
A cross-over of one environmental condition (251C, 15%
RH) allows a direct comparison between the RH and
temperature work. At this condition, the ballistic ssc for
the temperature (Fig 2b) and RH (Fig 1b) experiments is 171
and 140 MPa, respectively The time between these two
experiments was 90 min. This good comparison in ssc
shows that the time delay, in addition to other differences
such as the skin samples and device actuations are not
significant sources of variability.
Discussion
Implications for the ballistic delivery of particles to the
skin Experiments in freshly excised porcine skin demon-
strate a correlation between ballistic particle penetration
and both RH and temperature. Consider the effects of RH.
The measured increase in particle penetration with increas-
ing RH is qualitatively consistent with reported SC mechan-
ical properties (Wildnauer et al, 1971; Rawlings et al, 1995).
The reasons for these changes in mechanical properties
with hydration are revealed by examination of the ‘‘bricks
and mortar’’ structure of the SC. The corneocyte ‘‘bricks’’
(shown in Fig 5a) are almost entirely composed of keratin
filaments, and the space-filling ‘‘mortar’’ consists of lipids
and desmosomes (Nemes and Steinert, 1999; Fuchs and
Raghavan, 2002). Hydration of the ‘‘bricks’’ (corneocytes)
leads to a softening of the keratin (Christensen et al, 1977;
Jemec et al, 1990). Similarly, components of the ‘‘mortar’’,
such as the desmosomes, degrade with humidity as a result
of increased enzyme activity (Rawlings et al, 1995). The SC
typically consists of 15 layers of desmosome corneocyte
‘‘bricks’’, each approximately 30 mm in diameter with a
thickness of 0.2–0.4 mm (Plewig and Jansen, 1996). Thus, in
the ballistic impact with this structure, a 1 mm radius particle
would pass through several ‘‘bricks’’ and ‘‘mortar’’ inter-
faces. The result of this ballistic interaction, as shown in Fig
1a, is:
 at the lower RH limit, most of the particles do not breach
the SC; and
 at the upper RH limit, the effective payload is resident
within the viable epidermis.
In biolistic DNA vaccination, these extremes represent the
difference between the unsuccessful and successful trans-
fection of cells in the viable epidermis. A more consistent
delivery of particles to the viable epidermis could be
achieved by the control of the ambient RH of the
experiment. Alternatively, increasing the ambient RH prior
to actuation would enhance the transfection of epidermal
cells. This RH effect is analogous to transdermal drug
delivery, in which hydration of the SC enhances the
Figure 2
(a) Experimental and modelled particle penetration depths as a
function of the ambient temperature. RH was held constant at 15%.
(b) SC yield stresses obtained from quasi-static tests by Papir et al
(1975), and the calculated SC yield stresses required in the unified
penetration model to obtain ballistic penetration depths.
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permeability of particular drugs (Barry and Bennett, 1987;
Potts and Francoeur, 1991).
Considering ambient temperature, our experiments (Fig
2a) have shown that an increase in temperature (from 201C
to 401C) also moves particle penetration from the SC to the
viable epidermis. This is caused by a change in mechanical
properties induced by brittle-to-ductile phase transitions,
reported over similar temperature ranges (Papir et al, 1975;
Alonso et al, 1995).
Given that the RH and temperature effects were
independently established, we expect that the deepest
biolistic particle penetration would occur in ambient condi-
tions with a high RH and temperature.
Extrapolation to in vivo experiments The question is how
relevant are our ex vivo results to the in vivo situation of
vaccination. This question is answered by comparison of
the sensitivity of ex vivo and in vivo epidermal material
properties to environmental change.
First, the viable epidermis in vivo is insensitive to
changes in environmental RH (Murray and Wickett, 1996;
Penderson and Jemec, 1999). In contrast, the mechanical
properties of the in vivo SC are strongly influenced by
hydration. This level of SC hydration is set by diffusion,
driven externally by the environmental RH (Penderson and
Jemec, 1999) and internally by the hydrated viable
epidermis (described by Blank et al, 1984). As a result of
diffusion from a hydrated viable epidermis, we expect
hydration of the in vivo SC to be less sensitive to
environmental RH than in our ex vivo results. We have not
found relevant published work on in vivo SC yield stresses
to test this assertion. In an indirect contradiction, Chris-
tensen et al (1977) report on a softening of the SC (i.e., a
reduction in Young’s modulus) with environmental RH, by
similar levels for both the ex vivo and in vivo cases.
Similarly, a temperature gradient across in vivo skin is
expected to reduce the observed sensitivity of ex vivo skin
penetration to environmental temperature. To test this idea,
we looked for published work on the link between skin and
environmental temperature. In one example, Hardy and Du
Bois (1937) found that ‘‘for every degree rise in environ-
mental temperature, the average skin temperature in-
creases about 0.51Cy’’. Applying this relationship would
translate into a weaker in vivo biolistic penetration sensitiv-
ity than observed in our ex vivo results (summarized in
Fig 2a).
Yield stress and strain rate of ballistic particle impact
Figures 1a and 2a show the application of quasi-static SC
yield stresses to a bilayer unified penetration model.
Penetration depth is over-predicted by up to a factor of 6.
To resolve this difference, ssc up to a factor of 10 higher
than the quasi-static measurements was needed in the
bilayer model.
The reasons for these yield stress differences are
revealed by consideration of the quasi-static and ballistic
tissue loading. Both of the quasi-static SC loading cases
were at strain rates of about 10–4 per s (Wildnauer et al,
1971; Papir et al, 1975). Conversely, in the ballistic
penetration cases the SC was loaded at a peak strain rate
of about 106 per s (calculated using the approach of Parga-
Landa and Hernandez-Olivares, 1995). This strain rate range
of 10 orders of magnitude will induce transitions to different
modes of failure, resulting in the observed differences of
ssc. This assertion is supported by two analogous studies
illustrating the effect of strain rate on yield stress.
First, increases by a factor of 2.5 in yield stress were
measured when the strain rate was increased from 0.1 to
495 per s in a mesh of p-phenylene terephthalamide (PPTA,
or Twaron Teijin Twaron BV, Arnhem, The Netherlands)
polymer fibers (Shim et al, 2001). This was caused by a
ductile-to-brittle transition of the material with increasing
strain rate. Twaron fibers are anisotropic and non-homo-
geneous: extended chains of molecules called fibrils are
randomly connected at ‘‘tie-points’’. Similarly, within the SC
corneocytes there are bundles of keratin fibers that are also
randomly connected. Furthermore, both the SC and Twaron
are classified as viscoelastic materials. For these reasons,
the Twaron fiber observations are relevant to the ssc – strain
rate relationship.
Second, a material more comparable to the SC is the
equine hoof. The main constituent in both biological
viscoelastic materials is keratin. In tensile loading experi-
ments of the equine hoof, Kasapi and Gosline (1996)
observed factor of 1.8 increases in the yield stress on
increasing the strain rate from 1.6  105 to 70 per s. This
hoof yield stress increase is less than the modelled ssc
increase of a factor of 10. The materials are not identical
however, and the dynamic range in strain rate for the hoof
experiments was four orders of magnitude less.
Concluding remarks Experiments in ex vivo porcine skin
show that environmental RH and temperature have a strong
influence on the penetration depth of particles delivered
ballistically to the skin. In DNA vaccine applications, this
effect is sufficient to represent the difference between the
ineffectual delivery of particles to the SC and the targeted
delivery of specific cells in the viable epidermis. The extent
of this effect in vivo is yet to be quantified by experiment.
Theoretically, it is expected that the environmental effect of
both RH and temperature on particle penetration will be less
in vivo than ex vivo. Nevertheless, if targeted particle
delivery is required, it is recommended that both the
environmental RH and temperature are carefully monitored.
Materials and Methods
Particles and delivery device To investigate the ballistic delivery
of small, high-density particles into the skin, devices that deliver
particles with controllable impact velocities are required. The
device used to deliver particles into the skin with a controlled
impact momentum was a variant of the contoured shock tube
(CST). The CST (Kendall et al, 2000; Kendall, 2002) accelerates
pharmaceutical particles within a quasi-steady, quasi-one-dimen-
sional gas flow such that they impact the target with a nominally
uniform velocity and spatial distribution over a diameter of  9
mm. A schematic diagram of the hand-held variant of the CST
configured for clinical applications and used in this study is shown
in Fig 3. The rationale behind the design of the device and its
operational characteristics have been described by Kendall (2002).
Hence, only a brief description of the operation of the device is
provided here. The pharmaceutical powder is loaded into a
cassette, comprising a hollow cylindrical ring enclosed by two
(or more) polycarbonate diaphragms, typically 20 mm thick. The
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loaded cassette is assembled within the device. The device is
oriented downwards towards the skin target. The operation of the
device begins with the actuation of a button, which opens the
reservoir. Helium expands from the reservoir into the co-axial
volume known as the driver. This filling process continues until the
diaphragms within the cassette rupture, initiating the sudden
expansion of the helium–air driver gas mixture through the nozzle,
which serves to transport the particles to the target.
In this study, 0.5 mg payloads of gold micro-particles were
loaded into the cassette before each administration. The gold
micro-particles (supplied by Degussa, Dusseldorf, Germany) had a
respective density and radius of 16,800 kg per m3 and 0.9  0.6
mm (mean  standard deviation). Particle impact velocities were
obtained by computational fluid dynamics (CFD) calculations
performed with CFX 4.3 (ANSYS, Didcot, UK) (Hardy et al,
2001).3 The method of calculation, including the appropriate
boundary layer assumptions and choice of drag coefficient for
the particles, was validated through comparison with experimental
data (Kendall, 2002). The experimental particle velocity measure-
ments were obtained with particle image velocimetry, described by
Raffel (1998). The calculated particle impact velocity for the mean
particle size of 0.9 mm is 580  17 m per s. As a result of the
operating characteristics of the device, the larger gold particle
sizes (e.g., 1.5 mm radius) lead to an impact velocity of 640  25 m
per s. The smaller particles impacted the target at a significantly
lower velocity (0.5 mm radius, velocity of 430  20 m per s).
Calculations showed that the effect of environmental RH and
temperature on the resultant particle velocities was negligible.
Skin source and transportation The skin was freshly excised
from the flank of a 12-wk-old pig (Large White) immediately after
termination by an anesthetic overdose. The skin was cut into two
large sections (each approximately 250 mm in length, 150 mm in
width, and 10 mm thick). During excision, the pig was kept in
laboratory ambient temperature and humidity conditions. The skin
sections were then transported in a cool box to a Climatec
environmental chamber (based at TU¨V Product Services, Fareham,
UK). The transportation time was 4 h. The Climatec chamber had
an operating temperature and humidity range of þ 851C, 95% RH
to þ 201C, 15% RH. An essential feature of this equipment was the
built-in glove ports allowing device actuations within the controlled
environment.
Humidity and temperature experiments The effects of changes
in humidity and temperature were independently investigated by
experiments within the environmental chamber. The humidity range
was selected to be within 15%–95% RH, increasing in increments
of 10% RH. The minimum and maximum humidity points were set
by the limitations of the environmental chamber. These humidity
variation tests were conducted at a constant temperature of 251C.
This temperature value was chosen to match the tests carried out
by Wildnauer et al (1971).
A separate set of tests was conducted to establish the effect of
temperature in the range 201C–401C, in increments of 2.51C, at a
constant humidity of 15% RH. This humidity value was selected to
replicate as closely as practicable the tests of Papir et al (1975). In
the work of Papir et al, the breaking stress measurements were
obtained in an environment of constant 10% RH. The maximum
temperature was limited to 401C. It is unlikely that clinical
administrations would be carried out in environments at higher
temperatures.
The temperature variation studies were carried out as follows.
Three control shots (i.e., at laboratory environmental conditions)
were fired into the first skin sample. The sample was then placed in
the environmental chamber, which had been set to the first
environmental condition of interest (201C, 15% RH). The skin
remained in the chamber for approximately 10 min to ensure that
equilibrium had been reached with the environmental condition.
Three administrations of the device were made to the skin within
the chamber. The next environmental condition was selected
(22.51C, 15% RH) and the process was repeated. This procedure
was repeated in 2.51C increments. After the final tests at 401C, the
skin was removed.
The second piece of skin was then removed from the cool box
for the humidity variation experiments. The procedure described
above was applied, but, in this case, the RH was increased in 10%
increments from 15% RH to 95% RH and the temperature was
held constant at 251C.
Post-administration sample preparation and image analysis
Immediately after the tests, each skin sample was placed in a fixative
formaldehyde solution. Punch biopsies of each administration site
were obtained. The biopsies were snap frozen and embedded in
tissue freezing medium. Care was taken during all test procedures to
minimize contact with the skin surface, so as to prevent the loss of
the most superficial SC cells (after Blair, 1968). The tissue was
sectioned in a Cryotome (Cryocut 100, Leica Microsystems, Milton
Koynes, UK) to a thickness of 12 mm, to accommodate the size of
the penetrated particles within a given sample. All sections were
stained in hematoxylin (0.5% Gills No. II, Fisher Scientific,
Loughborough, UK) and eosin (1% wt/vol, Fischer Scientific),
mounted in an aqueous mountant, coverslipped, and observed
under an optical microscope. Photographs were taken using digital
cameras, described by Kendall et al (2003b) and Mitchell et al (2003).
Figure 4 shows a typical image of a histological section of
the skin after particle impact. Particle penetration depths were
calculated using image analysis software, where the depth was
measured to the deepest edge of the micro-sphere, as shown in
Figure 4. In a given image, particles in tissue with an intact SC (i.e.,
it had not been dislodged in the sectioning process) were randomly
counted. These penetration depth measurements were collated for
the condition of experiment (n), and the mean and standard
deviation were calculated.
Theoretical modelling of particle penetration The theoretical
model of particle penetration into the epidermis using expression
(1) in a two-layer model is shown in Fig 5. In this bilayer model, the
Figure 3
Schematic diagram of the hand-held
contoured shock tube (CST) particle
delivery device used in this study.
3Hardy MP: Numerical investigation of gas-powered delivery of
micro-particles to tissue. DPhil Thesis, Engineering Science,
University of Oxford. 2003.
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epidermis (Fig 5a) is approximated by the discrete layers of the SC
and viable epidermis.
In the case of particle delivery only to the SC (labelled ‘‘A’’ in
Fig 5b), the particle depth into the SC (dsc) is obtained by the
integration of expression (1):
dsc ¼
4rprp
3rsc
ln
1
2
rscv
2
i þ 3ssc
 
 lnð3sscÞ
 
ð2Þ
where the subscripts sc and p denote the SC and particle
properties, respectively. Also, vi and ssc are the particle impact
velocity and SC yield stress, respectively.
If the particle impact momentum is sufficient to breach the SC
(labelled ‘‘B’’ in Fig 5b), expression (2) is rearranged to obtain the
velocity of the particle at the SC-viable epidermis boundary (vi,ve),
i.e.,
vi;ve ¼ v2i þ
6ssc
rsc
 
e
3rsctsc
4rprp  6ssc
rsc
 1=2
ð3Þ
where tsc is the thickness of the SC.
The subsequent particle penetration in the viable epidermis
(dve) is then calculated using expression (2), using instead the
material properties of the viable epidermis and vi,ve. The total
particle penetration depth (dt) is thus
dt ¼ tsc þ dve ð4Þ
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